Moiré superlattices in twisted van der Waals materials constitute a promising platform for engineering electronic and optical properties. However, a major obstacle to fully understanding these systems and harnessing their potential is the limited ability to correlate the local moiré structure with optical properties. By using a recently developed scanning electron microscopy technique to image twisted WSe2/WSe2 bilayers, we directly correlate increasing moiré periodicity with the emergence of two distinct exciton species.
conceptually related to quantum simulation experiments e.g. in optical lattices (1), these systems feature on-chip integrability, electronic tunability, and small (nm) length scales. Moiré superlattices in semiconductor van der Waals (vdW) materials, such as transition metal dichalcogenides (TMDs), are attractive due to the presence of optically active, tightly bound excitons (2) . Theoretical studies predict that these systems can be used to create topologically nontrivial states (3, 4) , atomically thin mirrors for quantum optical applications (5) , and Hubbard model simulators (6) analogous to trapped atom arrays (7) . Recent experiments have explored the effects of moiré patterns in heterobilayers of TMDs, including MoSe2/WSe2 (8, 9) , MoSe2/WS2 (10), MoSe2/MoS2 (11) , and WS2/WSe2 (12) . Photoluminescence and absorption measurements in those experiments suggest that the periodic moiré potential can cause trapping of interlayer exciton states (8, 9) , hybridization between bands in opposite layers (10) , and multiple intralayer exciton states (12) . Most recently, there has been growing interest in twisted TMD homobilayers, where the moiré lattice is governed only by the relative twist angle and not lattice constant mismatch, enabling experimental access to a larger range of superlattice lengthscales. This system was recently shown to exhibit superconductivity (13) , and theoretically predicted to display topological insulator behavior as well as two-orbital Hubbard physics (4, 14) .
A major experimental challenge in this field involves correlating the optical response with measurements of the spatially varying atomic registry in the moiré superlattice. Although direct imaging of the small (≲100 nm) moiré domains can be achieved through transmission electron microscopy (TEM) (12) or scanning probe microscopy (15) , such imaging techniques require special sample preparation that has previously prevented optoelectronic measurements of the same device. To address this challenge, we employ a recently developed versatile scanning electron microscopy (SEM) technique (16) to image the local stacking order of twisted WSe2/WSe2 (t-WSe2/WSe2) homobilayer devices ( Fig. 1A, left) . The technique is based on measuring secondary electron emission, which depends on the scattering cross section experienced by the incoming primary beam. By placing the device at an angle, different stacking orders exhibit different scattering cross-sections, thus causing contrast between moiré domains.
Crucially, this technique, referred to as channeling modulated secondary electron imaging (16), is compatible with electrostatically gated devices on regular Si-substrates, thus enabling direct correlation with optoelectronic measurements (Fig. 1A , right). (17) . This reconstruction mechanism results in a triangular array of alternating AB/BA regions, as opposed to gradual transitions between the two domain types ( Fig. 1D , left) (17) -the latter being more prevalent in heterobilayers with intrinsic lattice mismatch and at larger twist angles (7, 12) .
Critically, the SEM imaging directly demonstrates that the local moiré periodicity varies considerably across and within each of our devices. In particular, an SEM image of a similar hBN-encapsulated and gated device (D2) with a target twist angle of 2.5 o shows that the reconstructed moiré wavelength is m ∼60 nm on the right side of the device, and gradually decreases towards the left ( Fig. 2A) . Eventually, the moiré wavelength becomes so small (<10 nm) that the reconstructed moiré pattern is no longer observed (left side of the dashed line near the device center).
To explore correlations between the moiré wavelength observed in SEM and the local optical properties, we first collect gate-dependent photoluminescence (PL) spectra from both sides of the device (boxed crosses in Fig. 2A ), in locations where m < 10 nm and m = 35 nm (Figs. 2B and C, respectively). In both spots, we observe two sets of emission features: the peaks near 1.5 eV are attributed to momentum indirect interlayer excitons based on their energy (18) (19) (20) , whereas the higher energy peaks near 1.7 eV are attributed to K-valley momentum direct intralayer excitons, consistent with previous studies and absorption measurements (SI) (19) (20) (21) (22) (23) .
While the interlayer excitons are qualitatively similar in the two spots, the intralayer species exhibit a distinct difference that is most pronounced when the device is p-doped ( G <-2 V).
Only one intralayer exciton peak is observed on the left side of the device ( Fig. 2B , m < 10 nm), whereas two peaks split by 37 meV emerge in the right part ( Fig. 2C , m = 35 nm). In what follows, we shall refer to the lower and higher energy peak as peak I and II, respectively.
Besides their resonance energies, the doping dependence of peak I and II is also distinct: with increasing hole doping, peak I broadens and intensifies strongly, while peak II is much less affected.
Inspecting more locations (crosses in Fig. 2A ) at G = −5 V, we find that all three points in the left region ( m < 10 nm), exhibit only one dominant intralayer peak, while the two-peak structure persists in all the points in the right part of the device (Fig. 2D ). Importantly, moving towards larger moiré domain size ( m = 25 nm → 60 nm), the amplitude of peak I (II) decreases (increases) monotonically.
The observed features in the intralayer exciton emission can be understood by considering the local band structure in the observed AB-and BA-stacked domains of t-WSe2/WSe2. For brevity, we refer to the top layer in BA domains and the bottom layer in AB domains as type I locations ( Fig. 3A , maroon squares), and the opposite locations as type II (Fig.   3A , orange squares). In type II locations the W-atoms are directly above or below the Se-atoms in the other layer, while in type I locations they are instead vertically aligned with the hexagon centers ( Fig. 3A) (24) . Due to the different atomic environments, the wavefunctions at the Kpoint (which are primarily concentrated near the W-atoms) have different energies in these two types of locations.
This gives rise to two effects that split the energies of excitons in type I and II locations. This causes excitons in type II locations to be higher in energy by Δ 0 = Δ VB − Δ CB . Second, in the doped regimes, the two exciton types are expected to have an additional energy difference because of different interactions (25) with the additional charges. In particular, theoretical calculations predict that type I locations have a higher valence band maximum (VBM) at the Kpoint than type II locations (Δ VB > 0, Fig. 3B ), and should therefore be preferentially p-doped ( Fig. 3A) (4, 26) . Thus, excitons in hole-doped type I locations can bind strongly to a nearby hole to form charged excitons with reduced energy, while excitons in the neutral type II locations only interact weakly with the holes in the other layer. Based on the stronger hole-doping effects on the type I excitons, we propose that the type I and II excitons reside in type I and II locations, respectively. Furthermore, since it is the lower-energy (type I) exciton that becomes hole-doped, we infer that Δ CB < Δ VB (Fig. 3B ), as was also predicted for 3R-stacked bilayer MoS2 (26) .
The higher energy (type II) peak is only expected to be observed if the excitons are unable to move to a lower energy state in a doped region before recombining ( X ∼1-10 ps, Fig.   3C ). While interlayer tunneling is strongly suppressed at the K-point in AB/BA-stacked bilayers (4, 27) , moving laterally to an oppositely stacked domain within the same layer is a faster process (28, 29) , especially for small domains (Fig. 3D ). Assuming a thermalized ensemble of excitons, we estimate the distance that an exciton moves before recombining as ℓ =
is the Boltzmann constant, X ∼ 0.8 e (30) is the exciton translational mass, and T=4 K is the exciton temperature (SI). The estimated ℓ is consistent with the observed decrease (increase) in amplitude of peak I (II) as the domains increase from m = 25 nm to m = 60 nm across the device (Fig. 2D ). We thus interpret the correlations between the PL spectra and m as being due to lateral movement of type II excitons to the potential minima (type I locations), where they relax into lower-energy type I excitons.
Similar doping dependent behavior as in Fig. 2C was observed in several other hBNencapsulated, near-0 o twisted WSe2/WSe2 devices (SI), including D1, which was also confirmed to have a reconstructed moiré pattern by SEM imaging (Fig. 4A , inset). Conducting PL measurements in a spot where m = 70 nm, we again observe two peaks with stronger holedoping effects on the lower-energy exciton, and a very similar intralayer exciton splitting (36 meV) in the far p-doped regime. Device D1 shows more pronounced features in the intrinsic and electron-doped regimes, allowing us to compare the peak splittings in all doping regimes. While peak I red-shifts much more than peak II at the onset of the p-doped regime ( h I =20 meV, h II ∼ 0 meV), peak II exhibits a larger red-shift in the n-doped regime ( e II = 16 meV, e I = 11 meV;
green arrows in Fig. 4A ), thus reducing the splitting to only 10 meV (SI). The observed doping effects in PL (also in absorption; SI) are consistent with recent experimental and theoretical studies suggesting that the electrons are less layer-localized than the holes because the global conduction band minimum is at the Q-point instead of the K-point (18, 24, 31) . Both exciton species are therefore expected to interact with the electrons. Finally, we obtain a splitting in the neutral regime of Δ 0 = 15 ± 3 meV (all measured devices are within this range; SI). The extracted value is smaller than theoretical calculations of the valence band splitting in 3Rstacked bilayer WSe2 (Δ VB = 92 meV in Ref. (4)), suggesting a staggered band alignment at the domain boundaries ( Fig. 3B ).
In order to substantiate our theoretical interpretation of the two exciton peaks and to further explore their nature, we conduct polarization-resolved photoluminescence spectroscopy.
By illuminating with linearly polarized light, we excite a superposition of K and K' valley excitons (excited by + and − photons, respectively), and subsequently measure the exciton valley coherence by comparing the parallel and perpendicular emission components (19, 32) . In Figure 4B , we plot the degree of linear polarization,
the intensity of emission with parallel (perpendicular) polarization. The lower-energy (type I) exciton has almost zero DOLP in the p-doped regime, while the higher-energy (type II) exciton exhibits a DOLP of up to 18% ( Fig. 4B-C) . When entering the neutral regime, the DOLP of the type I exciton increases strongly and exceeds that of type II, which exhibits much less change. In the n-doped regime, the DOLP of both exciton types is found to be even higher, reaching 44% ( Fig. 4B and D) .
The observed valley coherence properties are consistent with our model of the exciton structures presented in Fig. 3 . In the case of type I excitons in the p-doped regime, the additional hole must be in the opposite valley of the exciton due to the Pauli exclusion principle (Fig. 4E) .
Thus, the hole becomes correlated with the emitted photon, causing decoherence and near-zero DOLP, as observed in our experiment (33) . For type II excitons, on the other hand, the additional holes are in the opposite layer compared to the exciton and thus carry no information about its valley, allowing for higher coherence than that of type I (Fig. 4F) (19, 32, 33) . In the intrinsic regime, there are no additional holes, and the DOLP of both exciton types is therefore non-zero.
Finally, in the n-doped regime, additional electrons first fill up the Q-valley, while the observed momentum direct intralayer exciton is still expected to be at the K-point. Since the exciton and resident electron are in different valleys, there is no Pauli exclusion principle at play, allowing for non-zero DOLP regardless of which layer the exciton resides in (Fig. 4G ). Our model is thus sufficient to explain all observed features qualitatively, however further theoretical studies that include effects of exciton lifetime and additional valley decoherence mechanisms can provide a more quantitative understanding of the DOLP.
Our observations can be understood as resulting from the emergence of spatially alternating exciton species in the reconstructed moiré superlattice, with distinct gate tunability and valley coherence properties. We note that although the bilayer system as a whole is expected to exhibit the same optical response in AB and BA domains, the two layers can be treated independently due to strongly suppressed interlayer tunneling in AB/BA domains at the K point 
Materials and Methods

Device fabrication
Flakes of hBN, graphene and WSe2 were first mechanically exfoliated from bulk crystals onto Si wafers (with 285 nm SiO2). Few-layer graphene and monolayer WSe2 were identified optically, while the thickness of hBN flakes was determined with atomic force microscopy. Next, the heterostructures were assembled with the dry-transfer method, using the tear-and-stack technique (35) to form twisted bilayer WSe2. Electrical contacts to both the WSe2 and the graphite gates were defined with e-beam lithography and deposited through thermal evaporation (10 nm Cr + 90 nm Au).
Methods
Photoluminescence measurements were conducted in a 4 K cryostat (Montana Instruments), using a custom-built 4f confocal setup with a 0.75 NA objective and a 660 nm Thorlabs diode laser. Two galvo mirrors were used to control the excitation and collection positions on the sample, and electrostatic gating was performed with Keithley multimeters. The DOLP was measured with polarizers in the excitation and collection paths. To eliminate any polarizationdependent system response, all DOLP measurements included excitation with (and collection of) both vertically and horizontally polarized light. The DOLP was then calculated from:
where the subscripts indicate the polarization of the excitation and collection, respectively (h: horizontal, v: vertical).
SEM imaging of the reconstructed moiré pattern was done with a Zeiss Field Emission Scanning Electron Microscope Ultra Plus. Detailed methods are presented in Ref. (16) .
Supplementary Text
Extracting energy splitting between the exciton species
In order to extract the different energy scales, we fit the gate-dependent PL spectra with a double Lorentzian of the form:
, where I(II) , I(II) and Γ I(II) are the amplitude, resonance energy and linewidth of peak I(II). In some devices, the doped and neutral excitons are found to coexist at the transition between the doping regimes. Moreover, in D2 the charged type I exciton peak extends into the intrinsic regime, likely due to localized charge (defect) states, as previously observed (21, 36) . In these cases, we fit the spectra with a triple Lorentzian. -In the p-doped regime, the type I exciton intensifies, broadens and red-shifts more than the type II exciton.
-At the onset of the n-doped regime, both exciton types red-shift, but the type II exciton redshifts more.
-The splittings are (±3 meV) 35 meV, 15 meV and 10 meV in the p-doped, intrinsic and n-doped regimes, respectively.
Additionally, we show DOLP measurements of device D3 in Fig. S3 , displaying the same behavior as D1 presented in the main text.
Lateral exciton motion model
Since the intralayer excitons are short-lived ( X ∼ 1 − 10 ps), the lifetime is expected to be comparable to the mean free scattering time, mfp . Their motion should therefore be between the 21 diffusive (ℓ ∝ � X mfp ) and ballistic (ℓ ∝ X ) regimes, and the two pictures give similar estimates ( � X mfp ∼ X ).
We also note that the exciton temperature can be slightly elevated due to laser heating. Nevertheless, since we use a low-power continuous wave laser and have not observed any heating-induced exciton peak shifts, we expect that the exciton temperature remains below 10 K, thus not impacting the conclusions in the main text.
Comparison of PL and absorption spectroscopy
We also conduct gate-dependent absorption spectroscopy of device D4, shown as the derivative of differential reflection in Fig. S4A (PL spectra are shown in Fig. S4B for comparison) . While interlayer exciton absorption is too weak to be observed, we observe strong absorption features from the intralayer excitons (22, 25) . This is consistent with our assignment of the intralayer excitons to the momentum direct K-K transition.
The doping dependence observed in absorption measurements is also consistent with PL. While the type I exciton exhibits much stronger doping effects (blue-shift and weakening of neutral state) than the type II exciton at the onset of the p-doped regime, the type II exciton exhibits stronger doping effects at the onset of the n-doped regime. In the n-doped regime, the type I exciton also shows clear signs of doping, as expected from the fact that the electrons are more delocalized than the holes. The absorption spectra also show the red-shifted charged exciton states that were observed in PL. In (B) and (E), the charged type I exciton is observed even in the neutral regime (dashed maroon), likely due to localized charge defects. We therefore fit with a triple Lorentzian (black). The extracted peak splittings are 37 meV, 15 meV and 10 meV in (A-C), and 36 meV, 16 meV and 10 meV in (D-F). 
